Sixty-nine Agrobacterium strains, including representatives of six current species, were tested: for colony formation on sucrose + salts medium, 3-ketoglycoside production, response on litmus milk medium, infectivity on carrot-root discs, infectivity and rate of turnour appearance on primary pinto bean leaves. These tests separated the majority of the strains into species. Forty-four strains were tumourigenic on pinto bean leaves, ten of which did not form colonies on a sucrose + salts medium and nine of these showed a rate of tumour appearance typical of auxotrophs. Glutamate was required for colony formation by seven of the ten auxotrophs, two required only pantothenate and one strain required either glutamate or pantothenate. The two A . rubi strains among the ten auxotrophs required nicotinic acid + pantothenate + glutamate. Strains that required either pantothenate or pantothenate + nicotinic acid for colony formation also required these compounds in liquid medium. None of the strains which required glutamate for growth on plates required it in liquid medium though glutamate shortened lag and division times. The growth requirements of the auxotrophs did not obviously correlate with their specific infectivity. Six of the ten auxotrophs produced no 3-ketoglycosides, but this response did not correlate with infectivity or nutritional requirements. Three auxotrophs initiated more tumours when appropriate growth factors were added to inoculated leaves. The agrobacteria that induced pinto bean leaf tumours fell into four groups: I, strains which infected all wound sites with equal efficiency regardless of wound size; 11, strains which infected all but the smallest wound sites with equal efficiency; 111, phototrophic strains which infected only larger wound sites; IV, auxotrophic strains which, in the typical examples, infected only the larger wound sites. Nineteen of the tumourigenic strains (43%) were restricted in their ability to infect small wound sites and were assigned to groups I11 and IV. Because loss of the ability to initiate tumours at small wound sites is due to nutritional limitations imposed on the infecting bacteria by the wound site medium, these group I11 and IV strains were nutritionally limited in their ability to infect this host. The large proportion of strains which showed this defect indicates that variation in the ability of tumefacient strains to adapt to the wound medium supplied by a host is quite common and hence represents one major pathway by which pathogenicity within the genus may have evolved.
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I N T R O D U C T I O N
The degree to which a bacterium capable of causing crown-gall is successful in initiating a tumour can depend upon the interplay between the bacterium and nutritional qualities of the host wound site (Lippincott & Lippincott, 1966) . Thus auxo-triplicate on a sucrose + salts medium (Lippincott, Webb & Lippincott, 1965) containing 1.5 yo purified agar (Difco) and on the nutrient agar medium. Colonies were counted after 3 days (nutrient broth medium) or 7 days (sucrose + salts medium) at 27' & IO. Strains were scored negative for growth on sucrose + salts when they formed no colonies or colonies too small to be counted by using a New Brunswick plate counter. Some batches of purified agar allowed microcolony formation by several of the strains that required only glutamate on solid medium. Strains scored positive generally formed colonies that could be counted at 4 or 5 days, and by 7 days the colonies were 3 to 5 mm. in diameter.
Litmus milk reaction. Samples of 0-2 ml. (about 109 organisms) from 48-hr cultures were added to 10 ml. litmus milk (Difco) in 16 x 150 mm. tubes, mixed well and incubated at 27O & I O without further mixing or shaking. The cultures were scored weekly, but only data obtained after 3 weeks are presented. All determinations were done in duplicate on at least two occasions, using separately grown cultures.
Production of 3-ketoglycosides. The method described by Bernaerts & De Ley (1963) was used.
Infectivity and rate of tumour appearance on pinto bean leaves. Specific infectivity
Agro bacterium infectivity and nutrition 59 was estimated by using the pinto bean leaf bioassay of and expressed as % relative specific infectivity (% r.s.i.), which is the mean number of tumours induced/leaf/viable bacterium/ml. inoculum (specific infectivity), relative to the specific infectivity of strain ~6 . Culture dilutions were chosen which were expected to induce between 10 and 50 tumours/leaf, well within the linear range of the bioassay. Leaves were inoculated with strain ~6 in each experiment to provide a standard. The yo r.s.i. reported for each strain is the mean of at least five determinations on different cultures and inoculated at different times. For the 40 strains with yo r.s.i. values above 3 %, the standard errors expressed as % of each % r.s.i. value averaged rf: 26% of the yo r.s.i. value.
To determine the rate of tumour appearance (Lippincott & Lippincott, 1966) , inoculum concentrations were chosen whenever possible to give 50 to 75 tumours/leaf in 7 days, so that meaningful results could be obtained with early counts. A strain ~6 control was included in each experiment. Many of these data are presented as the ratio of the tumour counts made after 4 days and 8 days from inoculation for the test strains, subtracted from the similar ratio for strain ~6 controls. The values reported are the means of at least three separate experiments for each strain, with separately grown cultures inoculated on plants on different days. The day 4 : day 8 tumour count ratio for strain ~6 in 40 determinations was 44 & 1.5 yo.
Addition of nutrients to leaves inoculated with auxotrophic strains. Solutions containing compounds which either promoted or were required for growth of auxotrophic strains on a sucrose + salts medium were added hourly to leaves inoculated with these bacteria for the first 12 hr after inoculation (Lippincott & Lippincott, 1966) .
Infectivity on carrot roots. Carrot-root slices were used as a second host to estimate the relative infectivity of different Agrobacterium strains (De Ropp, 1950; Klein & Tenenbaum, 1955) and because they provided a differential test for the infectivity of A. rhizogenes (Ark & Thompson, 1961) . Carrot roots purchased at local markets were peeled, wiped with 95% (v/v) ethanol in water and soaked in 0.9% sodium hypochlorite ( I vol. commercial Chlorox + 5 vol. distilled water) for I 5 min., rinsed three times with sterile distilled water and drained between sterile paper towels. Slices about 5 mm. thick were cut from the middle one-third of each carrot with aseptic technique and placed in Petri dishes (4 slices/dish) containing 30 ml. I % agar in distilled water.
Each strain was tested on 20 slices from at least 10 different roots by pipetting 0.05 ml. of a 48-hr culture on each disc. Control discs received a similar amount of sterile growth medium. The inoculated discs were incubated in dim light at 27" rf: 1'; at least two separate tests were made for each strain.
Tumour and root formation on the discs was scored at 2 and 3 weeks and the discs observed for possible root formation until they became desiccated. The scores at 3 weeks are presented here. The amount of tumour tissue/disc and the number of discs showing a positive response were scored. Although the two responses were usually directly correlated, the amount of tumour tissue was the main factor considered in the final infectivity ratings. Strains which scored positive for root formation on carrot discs usually induced roots on more than half of the treated discs; some discs usually responded by forming IOO or more roots. The few roots which developed from the proliferation of phloem rays were disregarded, as were occasional roots that developed from tumourous tissue.
Growth chmacteristics in liquid medium. Cultures (48 hr) of the different strains $Colour of the litmus milk curd zone 3 weeks post-inoculation: T = tan; P = pink; B = blue; G = grey; Y = yellow; A = Amber; Pu = purple; Tr = transparent; C = cream.
§Acid produced very slowly, a distinct pink colour appearing only after 5 weeks growth in this medium.
were diluted 1/10 with distilled water and 0.2 ml. samples added to nephelometer flasks containing 20 ml. of the sucrose + salts medium + any additions to be tested.
Growth was followed hourly by measuring extinction at 660 nm. with a Bausch and Lomb Spectronic 20 spectrophotometer. Similar growth measurements were made on many of these strains with 0.5% glucose instead of sucrose in the above medium, and also by using the minimal medium of Starr (1946~) . These media gave similar results to those reported in the text, even when such precautions as acid-washing of the nephelometer flasks, and when washed inocula and much smaller inocula (above inoculum x I O -~) were used to initiate the cultures. 
RESULTS

Characteristics of Agrobacterium strains
The sources of the Agrobacterium strains and their infectivity, ability to form colonies on sucrose + salts medium, response in litmus milk medium and ability to produce 3-ketoglycosides are shown in Table I . They are listed in descending order according to their relative infectivity on carrot-root discs and pinto bean leaves or, if nontumourigenic, according to the extent they typify the accounts of their properties in the current literature. For strains that differed from the response expected for the species, new cultures were obtained and the tests repeated. The data in Table I are partially summarized in Table 2 to show the most common responses for each of these tests for the different species. -*The numbers underlined represent a sufficient portion of the strains tested to consider the factor measured a positive characteristic of the species and those not underlined a negative characteristic.
Agrobacterium tumefaciens. Two strains (I 1095, 930) differed from the common pattern of this species in all categories and, according to De Ley, Bernaerts, Rassel & Guilmot (1966) , have other differences which indicate that they should not be considered members of this species or even of the genus. The infectivity of the remaining 46 strains varied considerably; six strains did not initiate tumours on carrotdiscs or bean leaves. The infectivity determinations of strains received from Professor De Ley were in good agreement with those he has reported using different hosts (De Ley et al. 1966) . In addition to tumours, strains 396 and 398 promoted the formation of roots on carrot discs, 396 being somewhat more active than 398. This was further tested by picking four colonies of each strain and determining their repsonse on carrot discs. All showed some root-promoting activity. These responses, however, were distinctly inferior to those obtained with A . rhizogenes, with both fewer discs responding and those responding having fewer roots. A few roots were also initiated on discs inoculated with strains ~6 and ~6-806 in some tests.
Discounting strains 11095 and 930, only four of the remaining 46 strains did not produce 3-ketoglycosides and these four also failed to form colonies on sucrose + salts medium and differed from the other strains in showing an acid response in litmus milk. Failure to produce 3-ketoglycosides, therefore, may be only one result of a series of metabolic differences between these four strains and the other representatives IP: 54.70.40.11
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of A. tumefaciens. Eight of the 46 strains did not form colonies on sucrose + salts medium, while strain T T~ was marginaI in this respect. Strain 13333, received as Agrobacterium rhizogenes, was considered to be an auxotrophic strain of A. tumefaciens because of its infectivity on pinto bean leaves, 3-ketoglycoside production, litmus milk response and lack of root-inducing ability on carrot discs. The response of these strains on litmus milk medium showed many variations relative to the rate at which the cultures became alkaline, the rate of litmus reduction, the presence or absence and extent of proteolysis, and of pellicle formation. These results are omitted, however, since they were not obviously related to infectivity differences and were of no aid in distinguishing the separate Agrobacterium species. The colour of the curd zone 2 to 3 weeks after inoculation was of value generally (Riker et al. 1930; Huisingh & Durbin, 1967) and provided an additional characteristic to separate the majority of A. tumefaciens strains from those of A. rhizogenes. The colour of the curd zone differed from the common A. tumefaciens response in the case of questionable or unusual strains assigned to this species and this pattern seemed to hold with the other species examined. The designation tan (T) in Table I includes a wide variety of shades with delicate blue, grey or purple casts. Those strains listed as giving a different litmus colour were quite distinct from these and five cases (BG or G ratings) apparently arose from a failure to reduce the litmus. These five strains were either non-infective or of low infectivity, suggesting that the metabolic change responsible for this colour difference may be associated with their decreased infectivity.
Agrobacterium rubi. Both strains of this species were highly infective; strain 13335 promoted the formation of a few roots in one test on carrot discs, similar to the response observed by McKeen (1954) . As shown by Starr (1946b) , these strains cannot grow on a glucose + salts medium and strain 13334 (= T R~) was reported previously to lack the ability to produce 3-ketoglycosides (De Ley et al. 1966 ). Too few strains were available to determine a characteristic litmus milk reaction, although the most common one is apparently the production of acid and a corresponding pink colour (Hildebrand, 1940; McKeen, I 954) . Thus, a general correlation may exist between loss of ability to form 3-ketoglycosides and failure to form colonies on minimal medium and the acid litmus milk response as noted with four strains of A . tumefaciens. Despite such differences, the infectivity of these strains and their similarity to A. tumefaciens in guanine:cytosine (GC) ratio (De Ley et al. 1966) and DNA base sequence (Heberlein, De Ley & Tijtgat, 1967) indicate their proper assignment to this genus.
Agrobacterium rhizogenes. The hairy-root organism induces root formation, often in association with tumours (Riker et al. 1930 ). This species is also characterized by failure to grow on a salts + carbon source medium (Starr, 1946b) , its inability to form 3-ketoglycosides (De Ley et al. 1966) and its production of acid in litmus milk medium (Riker et al. 1930) . In several respects, the four strains of A. tumefaciens and the A. rubi strains which did not form 3-ketoglycosides fit this description, as do the majority of A . rhizogenes strains. The latter, however, typically induced root formation on carrot discs. Strains 13332 and 13333, though received as A. rhizogenes, were apparently wrongly classified in view of their failure to induce roots, their production of 3-ketoglycosides and their response on litmus milk medium. Strains I 5834 and ~~1 0 7 were weakly tumourigenic on pinto bean leaves and ~~1 0 7 consistently pro-64 J . A. L I P P I N C O T T AND B. B. L I P P I N C O T T duced as many colonies when plated on a sucrose + salts medium as when plated on nutrient agar. Strain TR 107 was also given a " & " rating in tests of tumourigenicity by De Ley et al. (1966) although three other strains of A. rhizogenes were scored negative. Since TR 107 induced copious root formation on carrots and showed an acid litmus milk response characteristic of the species, A. rhizogenes should not be considered strictly auxotrophic. Agrobacterium radiobacter. The strains of this species in Table I showed the characteristics expected (Hofer, 1941; De Ley et al. 1966) , but the responses of strain 6466 make it a questionable member of A. radiobacter.
In an attempt to establish some diagnostic criterion other than infectivity to distinguish Agrobacterium radiobacter from A. tumefaciens, several strains of different species of agrobacteria were tested on four media reported to differentiate between them. Growth of the bacteria on the congo red medium of Riker et al. (1930) gave considerable colour variation from strain to strain, but did not provide a significant separation. The ability to utilize nitrate and nitrite when grown on the medium of Sagen et al. (1g34) , to produce browning when plated on calcium glycerophosphate medium (Hendrickson et al. 1934) or to turn media containing ethanol as sole carbon source acid or alkaline (Sagen et al. 1934) were similarly of no diagnostic value.
Agrobacterium pseudotsugae. The responses of the three strains of this species showed no obvious relation to those of A. radiobacter, A. rhizogenes, A. rubi or A. tumefaciens. De Ley et al. (1966) and Heberlein et al. (1967) concluded that strain 180 should not be a member of the genus Agrobacterium, though this was the only representative of the species they examined. The infectivity ascribed to this organism is in question since the original isolates did not initiate tumours when inoculated on Douglas fir, and attempts to re-isolate a virulent organism from Douglas fir galls in the area of the original isolations have not been successful (M. Schroth, personal communication). The value of further studies with these strains relative to the crown-gall problem appears to be low.
Agrobacterium gypsophilae. Our results with two strains are comparable with our findings for A . pseudotsugae and show no relation to the other species of Agrobacterium (cf. De Ley et al. 1966; Moffett & Colwell, 1968) .
Rate of tumour appearance
The ability of Agrobacterium tumefaciens to infect the smaller wound sites on pinto bean leaves resulting in tumours that appear after 4 days from inoculation is directly correlated with the ability of the bacterium to utilize the nutritional medium of this host for activities essential for tumour initiation (Lippincott & Lippincott, I 966). Figure I shows that three of the strains which induced pinto bean leaf tumours but which failed to form colonies on sucrose + salts medium (Table I ) gave the rate of tumour appearance characteristic of auxotrophs.
Tumour appearance rates for other Agrobacterium strains were obtained to determine the significance of rate differences when natural strains were studied and to learn whether the infectivity of the different strains was in any way correlated. Agrobacterium tumefaciens strain 13333, which was of low infectivity, did not grow on minimal medium and showed a tumour appearance rate characteristic of auxotrophs (Fig. 2) .
The yo r.s.i. of A. tumefaciens strains 11sv7 and ~6 -806 were 35 and 49, respectively, and the tumour appearance rate of the former (Fig. 3) was nearly identical to that of Table 3 .
Subdivision of strains of Agrobacterium tumefaciens according to their tumour-inducing
Tumour appearance group A. tumefaciens strain ~6 , while the latter showed some deviation in the middle of the tumour appearance curve (Fig. 2) . Agrobacterium tumefaciens strains 4452, I I I 56, B 2 had yo r.s.i. values of 22 or less and induced a greater proportion of the final number of tumours which appeared during the first 4 days (Fig. 2, 3) . These results suggested there was some correlation between loss of ability to initiate tumours at small wound sites and low infectivity. Tumour appearance curves for strains A. tumefaciens I I I 58 and T-37 are shown relative to strain B 6 in Fig. 4 . The 6-day tumour count was taken as IOO % in this graph to illustrate the similarity between the tumour appearance curves up to this time, and to show the divergence which occurred after day 6. Thus, strains I I 158 and T-37, in addition to being highly infective, initiated tumours which continued to appear for several days after the time new tumours ceased to appear on leaves inoculated with strain ~6 . This showed they could infect even smaller wound sites than strain ~6 .
Subdivision of tumour-inducing strains based oyt tumour appearance data Tumour apperance rates were determined for each of the strains of Agrobacterium in Table I that were tumourigenic on pinto bean leaves. A shortened procedure was used for most of these determinations. Figures I to 4 show that the day 4: 8 tumour count ratio for each strain incorporated most of the information contained in these experiments relevant to differences in the rate of tumour appearance. Auxotrophs showed a IP: 54.70.40.11
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high ratio (in the more extreme cases the day 4: 8 ratio = 100 %) while strains such as I I 158 and T-37 had lower ratios than strain ~6 (=44 %). The results shown in Table  3 , along with the % r.s.i. for each of the strains, gave a spectrum of values that varied from ratios which were less than strain ~6 to those characteristic of the extreme found for certain auxotrophs (Lippincott & Lippincott, I 966) . A division of the tumour-inducing agrobacteria into four groups based on these ratios was made by establishing arbitrary divisions which grouped the strains according to the degree to which their nutrition (relative to their nutritional requirements for tumour initiation) was accommodated at the smaller wound sites of the pinto bean leaf. The basic criteria for the establishment of these groups were: group I, strains which had a lower day 4 : 8 tumour count ratio than strain B 6 ; group 11, strains with a ratio similar to that of strain ~6 ; group 111, strains with ratios greater than strain ~6 and which initiated colonies on sucrose + salts medium; group IVY strains which did not form colonies on sucrose + salts medium. Each group is considered below in greater detail. Group I: strains which initiate tumours at smaller wound sites than Agrobacterium tumefaciens strain ~6 .
The day 4: 8 tumour count ratios for the six strains of Agrobacterium tumefaciens placed in this group (Table 3) were distinctly lower than that of A. tumefaciens strain ~6 , and five of these strains were either of similar or greater infectivity. The infectivity of strains 15955 and TT 107 was sufficiently greater than that of strain ~6 to suggest they had additional qualities which made them better
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pathogens for pinto bean leaves. Strain 421v appeared to be defective in the tumour initiation process at some stage other than the nutritional stage through which the bacterium must pass since it infected small and large wound sites in the same relative proportion as the most infective strains, but had a low specific infectivity. Strains with low day 4 : s tumour count ratios and low specific infectivity should prove useful for crown-gall studies because their infectivity is apparently not nutritionally limited but derives from subsequent defects in the tumour initiation process. Figure 4 shows that the number of tumours on leaves inoculated with two of these group I strains was not complete until 10 to 14 days. When tumour counts were made on days 10 through 13 after inoculation, the number of tumours induced by strains I I 158 and T-37 reached a maximum on day 12. Theoretically, the conversion of a single leaf epidermal cell to the tumourous state, followed by growth at the same rate as other tumours during the period between inoculation and counting, should give rise to tumours which first become detectable on days 12 to 13 . Strains assigned to group I, therefore, may initiate tumours which originate from the conversion and continued multiplication of single leaf cells.
Group 11: strains which initiate tumours over the same range of wound sites and in similar proportion to Agrobacterium tumefaciens strain B6. The day 4 : 8 tumour count ratios at the extremes of this class were six units lower and nine units higher than those of the corresponding strain ~6 controls ( Table 3 ). The boundaries of this group were determined in part by the distribution of the tumour count ratios for the different strains and strengthened by apparent differences in the specific infectivity of the strains excluded by these divisions. It was desirable to restrict the representatives of groups I and I11 to strains that clearly differed from strain ~6 and would consequently provide distinctive characteristics of potential value in further experimentation. Strains at either extreme of group 11, therefore, may have more in common with group I or group I11 strains, respectively, than with each other.
The % r.s.i. of the strains in group I1 was partially correlated with the day 4:8 tumour count ratios, decreased infectivity being associated in general with a decreased ability to initiate tumours at small wound sites. Two of the 19 strains in group I1 were significantly more infective than strain B 6. Thus, strain ACH-I, despite a slight restriction at smaller tumour sites, and strain C-58-3, appear better adapted for tumour initiation on pinto bean leaves. Strain 11157 had the lowest yo r.s.i. of the strains in this class and is apparently restricted in its ability to inititate tumours on pinto bean leaves, in addition to its somewhat limited ability to infect small wound sites. Strain 396 showed characteristics expected of a bacterium which is limited in its ability to carry out one or more of the events in tumour initiation which occur after the nutritional phase.
Group 111: prototrophic strains which initiate proportionately fewer tumours at small wound sites than Agrobacterium turnefaciens strain ~6 .
Strains assigned to group I11 (Table 3 ) must develop a nutritional restriction with increasing frequency at progressively smaller wound sites which prevents completion of the tumour initiation process. These limitations are not readily apparent in studies of colony-forming ability on sucrose + salts medium and consequently their nature is unknown. The members of group I11 thus occupy an intermediate position between group I1 strains and those in group IV which are nutritionally limited when studied in vitro.
The lower average infectivity of the strains of group I11 appears to result from the Agrobacterium infectivity and nutrition 69 nutritional limitation imposed by pinto bean leaves. Hypothetically, these restrictions could be sufficient to prevent the initiation of tumours at all of the smaller wound sites and strain TR 107 of Agrobacterium rhizogenes, though it forms somewhat questionable tumours (see below), shows this type of response. Most strains placed in group 111, though of low to very low infectivity, are not suited for studies of the critical factors in crown-gall formation because their decreased infectivity results from nutritional limitation. The nature of this limitation probably differed from strain to strain, though all showed a similar rate of tumour appearance, just as adenine, methionine and asparagine auxotrophs of A. tumefaceins all exhibited similar losses in infectivity and changes in rate of tumour appearance (Lippincott & Lippincott, 1966) . Group I11 strains of high specific infectivity (e.g. H-100), however, must be highly efficient in their ability to infect large wound sites. Such strains may prove useful because of their restricted nature combined with high infectivity.
Agrobacterium rhizogenes strain TR 107 separated into its own subgroup, 111-B, was noted earlier for its ability to form colonies on sucrose + salts medium while retaining the other common characteristics of the species. The tumours induced by this strain on primary pinto bean leaves are unusual in that many 'tumours' observed at day 4 after inoculation apparently disappear by day 8. Further study is necessary to determine if outgrowths induced by this strain, as well as by A. rhizogenes strain 15834 considered in group IV, should be considered equivalent to the tumours initiated by A. tumefaciens. In view of the genetic relation between A. rhizogenes and A. tumefaciens , as well as the nature of the diseases they induce, some overlap in the morphogenic products formed by different strains of these two species could be expected.
Group IV: strains which do not form colonies on sucrose + salts medium and commonly initiate significantly fewer tumours at small wound sites than Agrobacterium tumefaciens strain B 6. The experimentally induced auxotrophs of Agrobacterium tumefaciens studied previously provide the model for this group (Lippincott & Lippincott 1966) . Strains 4720, 5 and 13333 exhibited the low infectivity, rate of tumour appearance and nutritional requirements (Table 3 ) characteristic of the induced auxotrophs and all produced 3-ketoglycosides; these strains have been placed in a subgroup, IV-B. The strains placed in subgroup IV-A include the two strains of A. rubi, were highly infective and did not make 3-ketoglycosides. With two exceptions, they showed a rate of tumour appearance characteristic of auxotrophs. The third subgroup, IV-C, was added to accommodate the single strain of A. rhizogenes assigned to this group. Theoretically, three types of auxotrophs might be expected to deviate from the nutritional limitation on tumour initiation at smaller wound sites typical of group IV: (I) those auxotrophs that find their growth requirement fully supplied by the medium at all wound sites; (2) those auxotrophs with growth requirements that do not affect the events leading to tumour formation; (3) those auxotrophs that require little or no nutritionally supported activity for infection. Two of the ten strains (AG I, AG6) in group IV showed day 4: 8 tumour count ratios typical of group I1 strains, possibly for one of these reasons.
The % r.s.i. values for the two Agrobacterium rubi strains were remarkably high in view of the nutritional requirements of this species, as were the infectivities of the other strains in subgroup IV-A. Strains ~~1 3 3 , ~2 and 13335 in particular appear to be better pathogens at large wound sites than A. turnefaciens strain ~6 .
Part of this difference, however, may arise from the failure to obtain a comparable population density in cultures of these strains relative to those of strain ~6 . After 48 hr the colony count of strain 13335, for example, was commonly only 2 to 4 x log/ml. while that of strain 136 was Iolo/ml. When grown to the lower population density strain ~6 has a two-to three-fold higher specific infectivity (Lippincott & Heberlein, I 965) . The high infectivity of some of these strains may thus result from physiological differences associated with lower population density rather than inherent differences in efficiency of tumour initiation.
Growth requirements of group IV strains The specific growth requirements of each of these strains was determined, starting from the observation that all group IV strains could grow on sucrose + salts medium supplemented with the compounds which Starr (1946 b) reported as necessary for the growth of Agrobacterium rubi. Curiously, half of the group IV strains grew in liquid sucrose + salts medium with no supplements (Table 4) ; similar results were obtained 2 Number of hr incubation to reach population density of equiv. 0.100 extinction reading at parative purposes. P = calcium pantothenate (Io,ug./ml.); G = glutamate (I mg./ml.).
with Starr's medium (Starr, 1946a) Table 4 .
Addition of growth supplements to leaves inoculated with nutritionally dejicient agro ba c t er ia The compounds required for the growth of Agrobacterium rubi and A. rhizogenes as described by Starr (19463) were applied to inoculated leaves in the experiments shown in Table 5 . All the strains tested in these experiments grew well when cultured on sucrose + salts medium + these compounds. These additions increased tumour initiation by A. rubi strains 13334 and 13335 and A. tumefaciens strain 4720. Tumour initiation by strain 13333 was not promoted, however, and strains 13332 and 11325 remained non-infective despite these additions. The addition of biotin and glutamate (Starr, 19463) to inoculated leaves at 0.1 mg./ml. did not promote tumour formation by the two strains of A. rhizogenes (15834, TR 107) which commonly initiate a few tumours on the pinto bean leaves, and did not produce tumour formation on this host by A. rhizogenes strains TRIOI and TR7. Strain IIBNV6, an avirulent strain of A. tumefaciens often used in comparative studies of crown-gall tumour initiation, did not form colonies on sucrose + salts medium and was not induced to form tumours by adding these compounds.
Nutritional limitation, therefore, cannot be the sole explanation for the low infectivity of Agrobacterium strains 13333, 15834 and TR 107 or for the lack of tumour-inducing ability of strains 1 1~~~6 , I 1325, TR 101 and T R~ on pinto bean leaves.
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The 44 strains of various Agrobacterium species which induced tumours on pinto bean leaves exhibit different capacities to initiate tumours at small wound sites. They range from those strains that infect only large wound sites to those that induce tumours arising from wounds which approach the theoretical size limit, the conversion of a single leaf-cell. Because the nutritional requirements of the bacterium between inoculation and the time at which the bacterium becomes dispensable in the tumour initiation process are directly related to the ability of the bacterium to initiate tumours at small wound sites (Eippincott & Lippincott, 1966) , the differences in the rate of tumour appearance for these 44 strains must have their origin in bacterial nutritional effects. Because the results presented here for naturally occurring auxotrophic strains agree in full with the previous findings for induced auxotrophs, this conclusion appears well founded.
Other mechanisms may be proposed, however, to account for these results where strains other than auxotrophic derivatives of a single virulent strain are involved. Thus, some strains may conceivably require more time to initiate tumours, which would delay the appearance of tumours. Or the growth rate of tumours induced by some strains may be less than others, again affecting a general delay in the rate of tumour appearance. Finally, some strains might find the wound sap medium at large wound sites to be inhibitory relative to the medium at small wound sites. Each of these possibilities would yield results which would suggest greater ability to infect small wound sites than if the nutritional relation between bacterium and wound sap medium were the only governing factor. There is no evidence as yet, however, to suggest that one or more of these alternatives apply to any of the 44 strains. For several strains in each group, the combination of specific infectivity results with daily tumour counts made over many days is sufficient to rule out these alternatives. We have consequently extended the nutritional explanation to account for all of these differences because of its consistency with the data at hand and its simplicity.
The infectivity of Agrobacterium species on the pinto bean leaf (and probably elsewhere) depends upon: (I) survival of the bacterium at a wound site for some unknown period of time up to a maximum of 24 hr ; (2) a bacterial nutritional phase which may be necessary for survival as well as for production of tumour initiation factors (Lippincott & Lippincott, 1966 ; and present results); (3) the production of tumour-inducing agents. In addition to the potential diminution or loss of ability to infect small wound sites which is commonly associated with auxotrophy, prototrophic strains can be expected which would find the medium at the smaller pinto leaf wound sites to be nutritionally limiting; those strains assigned to group 111 apparently belong to this category. The strains with low specific infectivity classed in group I or 11, however, are probably partially defective in the production of one or more of the agents essential for tumour initiation. Thus, the combination of specific infectivity tests with data on rates of tumour appearance provides a means to detect bacterial strains specifically defective in stages of the tumour initiation process subsequent to the bacterial nutrition phase.
Those strains of Agrobacterium placed in groups 111 and IV may be expected t o show a more limited host range and/or lower infectivity on many hosts than those in groups I and 11. The natural host range of A . rubi (Pinckard, 1935; McKeen, 1954) On: Thu, 10 Jan 2019 11:42:55
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and A . rhizogenes (Riker et al. 1930) appears to be more limited than that of A. tumefaciens. This may be the case for other strains in groups I11 and IV, though little information is available. Since about 40 y-, of the tumourigenic strains examined were placed in groups 111 and IV, genetic changes which alter the growth requirements of the pathogen apparently constitute a major source from which natural variations in infectivity and possibly host range and host specificity have evolved in this genus. Complete loss of pathogenicity by this means appears to be a distinct possibility. The nutritional requirements of the pathogen, however, must be only one of many potentially limiting steps in the infection process through which variations in pathogenicity could arise. In groups I and I1 strains of Agrobacterium tumefaciens such as 421v, 396 and 11sv7 showed little evidence of nutritional limitation when compared with A . tumefaciens strain ~6 , yet all were much less infective. Also, prototrophic A . radiobacter strains were non-infective though very closely related to A . tumefaciem (Graham, 1964; De Ley et al. 1966; Heberlein et al. 1967) . Although two of the A . rhizogenes strains consistently induced a few tumours on pinto bean leaves, the cornpounds necessary for their growth on sucrose + salts medium did not increase their infectivity nor did they allow A . rhizogenes strains which were avirulent on pinto bean leaves to induce tumours. Pathogenicity and host range within the genus Agrobncterium must obviously depend on a complex of variables and their interactions.
The specific infectivity of the bacterial strains in three of the four tumour-appearance groups shows a general correlation with the group to which they were assigned, those in group I being most infective and those in group 111 least infective. Bacterial strains with a much higher or lower specific infectivity than the average value, however, were found within each group. These aberrant strains appear to offer good experimental material for further crown-gall studies.
In agreement with the results of Bernaerts & De Ley (1963 , Kern (I 966) and De Ley et al. (1966) , the ability to produce 3-ketoglycosides was shown to be unrelated to infectivity within the genus. All the infectious strains which lacked the ability to produce 3-ketoglycosides, however, also lacked the ability to form colonies on sucrose + salts medium, suggesting that loss of the ability to produce 3-ketoglycosides might be associated with a specific nutritional deficiency. No obvious relation between a specific nutrient requirement and this response was found, though there appeared to be a correlation between an acid litmus milk response and the inability to form 3-ketoglycosides. Since the defect must arise from a change in carbohydrate metabolism, the glutamate requirement for colony formation in the 3-ketoglycoside-negative strains might result from a defect different from that in the 3-ketoglycoside-positive group IV strains.
The difficulties we have experienced in separating strains of Agrobacterium tumefaciens from A . radiubacter in the absence of infectivity tests have vexed many investigators (Hendrickson et al. 1934; Hofer, 1941 ; Sagen et al. 1934; Schroth, Thompson & Hildebrand, I 965 ; Huisingh & Durbin, 1967) . One possible complicating factor is the loss of virulence observed after growth of A . tumefaciens under certain culture conditions (van Lanen et al. 1952a, b) . Graham (1964 , De Ley et al. (1966 and Heberlein et al. (1967) have recommended combining the two species based on their taxonimetric and deoxyribonucleic acid similarities. The student of crown-gall physiology, however, is left with the dilemma of deciding to what extent current members of A . radiobacter may be used as prototypes of non-virulent strains of A . J. A. L I P P I N C O T T AND B. B. L I P P I N C O T T tumefaciens, and whether strains previously described as non-virulent forms of A. tumefaciens are strains of A. radiobacter. This confusion may have been present in the A . radiobacter strains used by Graham (1964) , De Ley et al. (1966) and ourselves, with the results that a specific group of differences was not observed. To be certain of having a non-virulent strain of A . tumefaciens for physiological studies, therefore, non-virulent prototrophic strains isolated from a genetically marked virulent strain treated with a mutagen are to be recommended. This investigation was supported by Public Health Service research grant CA-05387 from the National Cancer Institute. The authors are indebted to Mary Kenny and Ingebjorg Kvam for excellent technical assistance.
